The mammalian fibroblast growth factor (FGF) family comprises 18 polypeptides (FGF1 to FGF10 and FGF16 to FGF23) which participate in a myriad of biological processes during embryogenesis, including but not limited to gastrulation, body plan formation, somitogenesis, and morphogenesis of essentially every tissue/organ such as limb, lung, brain and kidney (3, 30) . FGFs execute their biological actions by binding to, dimerizing, and activating FGF receptor (FGFR) tyrosine kinases, which are encoded by four distinct genes (Fgfr1 to Fgfr4). Prototypical FGFRs consist of an extracellular domain composed of three immunoglobulin-like domains, a single-pass transmembrane domain, and an intracellular domain responsible for the tyrosine kinase activity (16). The number of principal FGFRs is increased from four to seven due to a major tissue-specific alternative splicing event in the second half of the immunoglobulin-like domain 3 of FGFR1 to FGFR3, which creates epithelial lineage-specific b and mesenchymal lineage-specific c isoforms (16, 21). Generally, the receptor-binding specificity of FGFs is divided along this major alternative splicing of receptors whereby FGFRb-interacting FGFs are produced by mesenchymal cells and FGFRc-interacting FGFs are produced by epithelial cells (21). These reciprocal expression patterns of FGFs and FGFRs result in the establishment of a paracrine epithelial-mesenchymal signaling which is essential for proper organogenesis and patterning during development as well as tissue homeostasis in the adult organism.
The mammalian fibroblast growth factor (FGF) family comprises 18 polypeptides (FGF1 to FGF10 and FGF16 to FGF23) which participate in a myriad of biological processes during embryogenesis, including but not limited to gastrulation, body plan formation, somitogenesis, and morphogenesis of essentially every tissue/organ such as limb, lung, brain and kidney (3, 30) . FGFs execute their biological actions by binding to, dimerizing, and activating FGF receptor (FGFR) tyrosine kinases, which are encoded by four distinct genes (Fgfr1 to Fgfr4). Prototypical FGFRs consist of an extracellular domain composed of three immunoglobulin-like domains, a single-pass transmembrane domain, and an intracellular domain responsible for the tyrosine kinase activity (16) . The number of principal FGFRs is increased from four to seven due to a major tissue-specific alternative splicing event in the second half of the immunoglobulin-like domain 3 of FGFR1 to FGFR3, which creates epithelial lineage-specific b and mesenchymal lineage-specific c isoforms (16, 21) . Generally, the receptor-binding specificity of FGFs is divided along this major alternative splicing of receptors whereby FGFRb-interacting FGFs are produced by mesenchymal cells and FGFRc-interacting FGFs are produced by epithelial cells (21) . These reciprocal expression patterns of FGFs and FGFRs result in the establishment of a paracrine epithelial-mesenchymal signaling which is essential for proper organogenesis and patterning during development as well as tissue homeostasis in the adult organism.
Based on phylogeny and sequence identity, FGFs are grouped into seven subfamilies (21) . The FGF core homology domain (approximately 120 amino acids long) is flanked by Nand C-terminal sequences that are highly variable in both length and primary sequence, particularly among different FGF subfamilies. The core region of FGF19 shares the highest sequence identity with FGF21 (38%) and FGF23 (36%), and therefore, these ligands are considered to form a subfamily. However, the degree of identity within the FGF19 subfamily is only 2 to 3% greater than that between FGF19 subfamily members and members of other FGF subfamilies, making this subfamily the most divergent one. FGF19 subfamily members regulate diverse physiological processes uncommon to classical FGFs, namely, energy (32) and bile acid homeostasis (FGF19) (5, 8, 13) , glucose and lipid metabolism (FGF21) (10) , and phosphate and vitamin D homeostasis (FGF23) (27) . Moreover, unlike classical FGFs, FGF19 subfamily members achieve their unconventional activities in an endocrine fashion.
To date, only a single structure from the endocrine-acting FGF19 subfamily has been reported (4), whereas there are crystal structures available for eight classical, paracrine-acting FGFs (2, 20, 22, 37, 38, 40) . The structures from the paracrine class of FGFs (FGF1, -2, -4, -7, -8, -9, -10, and -21) show that the core homology region folds into a globular domain composed of 12 antiparallel ␤-strands (␤1 to ␤12) known as the ␤-trefoil motif (18) . In the reported FGF19 structure (4) , the region between ␤10 and ␤12 is missing, and therefore, FGF19 has only the corresponding 11 ␤ strands, namely, ␤1 through ␤10 and ␤12.
Stable FGF-FGFR binding and dimerization are regulated by heparan sulfate (HS) (15) , which is a polymer of variably sulfated, repeating GlcN(S)6O(S)-IdoA/GlcA(2S) disaccharide units. In all cases studied so far, HS can be replaced by heparin, which has the same disaccharide building block as HS but is more densely and uniformly sulfated along the polysaccharide chain. The crystal structure of a symmetric 2:2:2 FGF2-FGFR1c-heparin dimer has provided the molecular basis for the mechanism by which HS promotes FGF-FGFR binding and dimerization (25) . Within the 2:2 FGF-FGFR dimer, the individual heparin-binding sites (HBS) of two FGFs and FGFRs are merged together and act in unison to bind specific HS sequences, leading us to propose that HS selection in FGF signaling is achieved in the context of a 2:2 FGF-FGFR dimer rather than by FGF or FGFR alone, or even by a 1:1 FGF-FGFR monomer. The heparin-binding residues of FGFs, which are generally basic, reside in the ␤1-␤2 loop and the region encompassing the ␤10 strand, the ␤10-␤11 loop, the ␤11 strand, and the ␤11-␤12 loop. These solvent-exposed basic residues are in proximity to each other on the FGF ␤-trefoil fold and form a contiguous, positively charged surface on one side of the ␤-trefoil. Superimposition of the crystal structures of paracrine-acting FGFs reveals that their ␤10-␤12 regions adopt a very similar conformation even though they differ in primary amino acid sequence.
In addition to HS, FGF19 subfamily members require Klotho/␤Klotho proteins in their target tissues to exert their endocrine functions (12, 31, 33) . ␤Klotho-deficient mice share remarkable phenotypic similarities not only with Fgfr4 knockout mice but also with Fgf15 knockout mice, including an increased synthesis and excretion of bile acids concomitant with activation of CYP7A1 gene expression (9) . The overlapping phenotypes strongly suggest that ␤Klotho may functionally interact in vivo with the FGF19-FGFR4 signaling axis to regulate bile acid homeostasis. Similarly, Fgf23-null mice develop phenotypes associated with premature aging (24) which resemble those seen in mice deficient in Klotho (11), indicating a cross talk between FGF23 and Klotho in vivo. Immunoprecipitation studies have shown that Klotho forms a ternary complex with FGF23 and its cognate FGFRs (12, 33) .
To begin to understand the molecular basis for the Klothodependent, endocrine mode of action of FGF19 subfamily members, we determined the crystal structures of FGF19 alone and of FGF23 in complex with sucrose octasulfate (SOS), a disaccharide chemically related to heparin. We show that the heparin-binding regions of FGF19 and FGF23 adopt unique conformations that translate into poor binding affinity for HS/ heparin and hence the endocrine mode of action of these ligands. The poor heparin-binding affinity of FGF19 subfamily members restricts signaling of these ligands to tissues expressing Klotho/␤Klotho proteins. Klotho/␤Klotho partially make up for the poor ability of HS/heparin to promote FGF19/21/ 23-FGFR binding and dimerization by interacting concomitantly with ligand and receptor and enhancing their binding affinity.
MATERIALS AND METHODS
Purification and crystallization of FGF19 and FGF23 proteins. Human FGF19 and FGF23 proteins were expressed in Escherichia coli, refolded in vitro, and purified by previously published protocols (6, 23) . Crystals of FGF19 and the FGF23 core domain were grown by hanging-drop vapor diffusion. The FGF19 protein was concentrated to ϳ12 mg ml Ϫ1 in 25 mM HEPES-NaOH (pH 7.5), 417 mM NaCl, and the FGF23 protein was concentrated to 3.71 mg ml Ϫ1 in 25 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 50 mM (NH 4 3 . Cryoprotection was achieved by soaking crystals in the reservoir solution supplemented with 20 to 25% (vol/vol) glycerol before flash freezing under a liquid nitrogen stream. Diffraction data were collected and processed for each of the three FGF19 crystals. All FGF19 crystals were of space group P3 and contained two FGF19 molecules in the asymmetric unit. The data collected for FGF19 crystals grown over a reservoir of 100 mM trisodium citrate (pH 5.75) and 14% (vol/vol) polyethylene glycol 1000 were used for structure determination. The unit cell dimensions of these crystals are as follows: a ϭ 67.36 Å, b ϭ 67.36 Å, and c ϭ 54.64 Å. FGF23 crystals were of space group P2 1 2 1 2 1 , with unit cell dimensions as follows: a ϭ 38.81 Å, b ϭ 47.09 Å, and c ϭ 84.93 Å. These crystals contained one FGF23 molecule in the asymmetric unit.
X-ray diffraction data collection and structure determination. Diffraction data were collected at the National Synchrotron Light Source beam line X4A, and data sets were indexed, integrated, and scaled using DENZO and SCALEPACK. The FGF19 structure was determined by molecular replacement using the program AMoRe and the published FGF19 structure (Protein Database identification [PDB ID], 1PWA) (4) as the search model. The FGF23 structure was also solved by molecular replacement, with our FGF19 structure minus the ␤10-␤12 region as the search model. Models were built into 2F o -F c and F o -F c electron density maps using program O and refined with the CNS suite. The final model for the FGF19 structure contains residues Asp40 to Glu175 of two FGF19 molecules; residues 23 to 39 at the N terminus and 176 to 216 at the C terminus are disordered in each of the two molecules. The final FGF23 model contains residues Ser29 to Asn170; the N-terminal residues 25 to 28 and the C-terminal residues 171 to 179 are disordered. Analysis of FGF23 crystals by MALDI-TOF (matrix-assisted laser desorption ionization-time of flight) mass spectrometry (TofSpec 2E; Micromass/Waters) revealed that the N-terminal hexahistidine tag had been cleaved from the protein in the course of crystallization.
SPR analysis of FGF19/21/23-heparin binding. Binding of FGF19, -21, and -23 to heparin was analyzed by surface plasmon resonance (SPR) spectroscopy by a previously reported protocol (7) . A heparin sensor chip was prepared by immobilizing biotinylated heparin on a research-grade streptavidin chip (Biacore AB, Uppsala, Sweden). Increasing concentrations of FGF19, FGF21, or FGF23 in HBS-EP buffer (10 mM HEPES-NaOH [pH 7.4], 150 mM NaCl, 3 mM EDTA, 0.005% [vol/vol] polysorbate 20) were injected over the neoproteoglycan chip at a flow rate of 50 l min Ϫ1 . At the end of each FGF injection (180 s), HBS-EP buffer (50 l min Ϫ1 ) was passed over the chip to monitor dissociation for 180 s. The chip surface was then regenerated by injecting 50 l of 2.0 M NaCl in 10 mM sodium acetate (pH 4.5). The data were processed with BiaEvaluation software (Biacore AB). For each FGF injection, responses from the control flow cell (due to nonspecific binding to streptavidin) were subtracted from the responses recorded for the heparin flow cell. The sensorgrams were then used to determine kinetic parameters by globally fitting the entire association and dissociation phases to a 1:1 interaction as previously described (7) . Finally, the sensorgrams were manually examined for accuracy of the model fit.
2 was less than 10% of R max for each fit. For comparison, heparin binding was also determined for FGF1, FGF2, FGF4, FGF7, and FGF10. Additionally, HBS mutants of FGF19 and FGF23 were analyzed.
Analysis of CYP7A1 gene expression in mice in response to FGF19. In primary cultures of human hepatocytes, FGF19 was shown to downregulate expression of the gene encoding cholesterol 7␣-hydroxylase (CYP7A1), an enzyme which catalyzes the first and rate-limiting step in bile acid synthesis (5) . To assess biological activity of our recombinant FGF19 protein in vivo, we analyzed its effect on CYP7A1 gene expression. FGF19 protein (1.3 to 333.3 g kg body weight Ϫ1 ) or vehicle (isotonic saline) was injected into the jugular veins of wild-type mice. At 6 h after injection, the mice were killed, and liver tissue was excised and flash-frozen in liquid nitrogen. Total RNA was isolated from liver tissue, and CYP7A1 mRNA levels were determined by quantitative real-time reverse transcription (RT)-PCR as previously described (8) . Cyclophilin was used as internal standard. All animal care and experiments were approved by the Animal Care and Research Advisory Committee at the University of Texas Southwestern Medical Center and complied with the Guide for the Care and Use of Laboratory Animals (19) .
Determination of serum phosphate levels in mice in response to FGF23. Recombinant FGF23 proteins or vehicle (25 mM HEPES-NaOH [pH 7.5], 1.0 M NaCl) was injected intraperitoneally into Fgf23 knockout mice (29) . Each animal received two injections at 8-h intervals and 5 g of protein per injection. Before the first injection and 8 h after the second injection, blood was drawn from the tail vein and spun at 3,000 ϫ g for 10 min to obtain serum. Blood samples were also taken from wild-type mice not receiving any protein injection. Serum phosphate levels were determined colorimetrically using the Phosphorus Liqui-UV reagent (Stanbio Laboratory). All animal care and experiments were approved by the Harvard University Animal Care and Research Committee and complied with the Guide for the Care and Use of Laboratory Animals (19) .
Analysis of EGR1 mRNA expression in response to FGF23. To assess biological activity of our FGF23 proteins at the cellular level, we studied the ability of these proteins to activate early growth response 1 (EGR1) gene expression, FGFR substrate 2␣ (FRS2␣), and 44/42 MAP kinase, all of which can serve as a tool to measure FGFR activation. For these studies, we used human embryonic kidney 293 (HEK293) cells, which endogenously express at least three of the four FGF23 cognate receptors, namely, FGFR1c, FGFR2c, and FGFR3c (12) . HEK293 cells transiently transfected with the full-length transmembrane isoform of Klotho were starved with serum-free DMEM/F12 medium plus 0.2% bovine serum albumin for 24 h and then stimulated with FGF23 proteins (1 ng ml Ϫ1 ) for 30 min. After stimulation, total RNA was extracted from the cells, and EGR1 mRNA levels were determined by quantitative real-time RT-PCR using ␤-actin as the internal standard. The primers and probes used for EGR1 were 5Ј-GGA CACGGGCGAGCAG-3Ј, 5Ј-CGTTGTTCAGAGAGATGTCAGGA-3Ј, and 5Ј-CCTACGAGCACCTGACCGCAGAGTCT-3Ј; the primers and probes for ␤-actin were 5Ј-GGCACCCAGCACAATGAAG-3Ј, 5Ј-GCCGATCCACACGG AGTACT-3Ј, and 5Ј-TCAAGATCATTGCTCCTCCTGAGCGC-3Ј. Each RNA sample was analyzed in triplicate on an ABI-PRISM 7700 sequence detection system (Applied Biosystems), and relative mRNA levels were calculated using the comparative cycle threshold method.
Analysis of phosphorylation of FRS2␣ and 44/42 MAP kinase in response to FGF19 and FGF23. Subconfluent cells of a HEK293 cell line stably expressing the full-length transmembrane isoform of Klotho (12) were serum starved for 16 h and then stimulated with recombinant FGF23 proteins (3 to 3,000 pM) for 10 min. Similarly, subconfluent cells of the H4IIE hepatoma cell line, which endogenously expresses ␤Klotho, were treated with recombinant FGF19 protein.
After stimulation, the cells were snap-frozen in liquid nitrogen and lysed (12) , and total cellular proteins were resolved on sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred to nitrocellulose membranes. The protein blots were probed with antibodies to phosphorylated FRS2␣ and phosphorylated 44/42 MAP kinase. Antibodies to Klotho and nonphosphorylated 44/42 MAP kinase were used to control for even expression of Klotho and 44/42 MAP kinase proteins among the cell samples. Except for the anti-Klotho antibody, which was developed in the Tokyo Research Laboratories, all antibodies were from Cell Signaling Technology.
Analysis of FGF23 binding to Klotho. Subconfluent cells of a HEK293 cell line stably expressing the full-length transmembrane isoform of Klotho (12) were lysed in 25 mM HEPES buffer (pH 7.5) containing 150 mM NaCl, 1 mM EDTA, 20 mM CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate), and protease inhibitors. Recombinant FGF23 proteins (10 g per p150 dish of lysed cells) and anti-FLAG M2 agarose (Sigma-Aldrich) were added to the cell lysate, and the samples were incubated for 2 h at 4°C. FGF21 protein was used as a negative control. Agarose beads were collected and washed four times with 25 mM HEPES buffer (pH 7.5) containing 150 mM NaCl, 1 mM EDTA, and 12 mM CHAPS. Bead-bound proteins were resolved on 12% SDS-polyacrylamide gels, and the gels were stained with Coomassie brilliant blue.
Statistical analysis. Unless stated otherwise, data are presented as means Ϯ standard errors of the means and were analyzed by the Tukey-Kramer test. Differences were considered statistically significant when P was less than 0.01.
Protein structure accession numbers. The atomic coordinates and structure factors have been deposited into the RSCB Protein Data Bank at http://www. rscb.org/pdb/ with accession numbers PDB 1D, 2P23 (FGF19), and 2P39 (FGF23).
RESULTS AND DISCUSSION
The topology of the HBS of FGF19 differs completely from that of paracrine-acting FGFs. We first confirmed the biological activity of our recombinant human FGF19 protein both in mice and in cultured cells. Increasing concentrations of FGF19 protein were injected intravenously into mice, and liver CYP7A1 gene expression was analyzed. FGF19 reduced CYP7A1 mRNA levels in a dose-dependent fashion (Fig. 1A) . In parallel, we stimulated H4IIE hepatoma cells with FGF19 and analyzed activation of FRS2␣ and of the MAP kinase cascade. FGF19 robustly induced phosphorylation of FRS2␣, the direct substrate of FGFRs, and 44/42 MAP kinase (Fig.  1B) . These data confirmed that our FGF19 ligand is biologically active. FGF19 was crystallized under three different sets of crystallization conditions (see Materials and Methods), all yielding hexagonal crystals of space group P3 with two FGF19 molecules per asymmetric unit. We solved our crystal structure of FGF19 by molecular replacement using the previously published FGF19 crystal structure (PDB ID, 1PWA) (4) as the search model. In this structure, the major heparin-binding region between ␤10 and ␤12 could not be resolved due to the lack of interpretable electron density. Analysis of the F o -F c difference map calculated using the search model revealed clear and strong electron density for the missing ␤10-␤12 region in both copies of FGF19 in the asymmetric unit of our crystals. Our FGF19 structure has been refined to a 1. (Tables 1 and 2) , and the final model consists of two copies of FGF19 residues 40 to 176 ( Fig. 2A) .
The conformation of the segment between ␤10 and ␤12 in our FGF19 structure is completely different from the common conformation adopted by paracrine-acting FGFs (Fig. 2B and  C) . The C␣ path of FGF19 starts to diverge from the common path adopted by these FGFs at Leu145 and converges again with these FGFs at Leu162, three residues before the ␤12 strand ( Fig. 2B and 3B ). Residues Lys149 to Lys155 in this region of FGF19 adopt a helical conformation, whereas paracrine-acting FGFs have the canonical ␤11 strand. This helix in FGF19, which we have termed ␣11 to reflect the lack of ␤11, bulges out of the rest of the protein fold, which has the corresponding 11 ␤ strands, namely, ␤1 through ␤10 and ␤12 ( Fig.  2A and 3A) . The presence of the ␣11 helix in this segment gives FGF19 an atypical trefoil appearance.
Superimposition of the 11 structurally homologous ␤ strands between FGF19 and other FGF structures shows that the conformation of the ␤1-␤2 loop of FGF19, the other major heparin-binding region, is also substantially different from that of other FGFs (Fig. 2B) . This loop, which is the longest among all FGFs, also stretches out of the ␤-trefoil like core region of FGF19 at the same side of the trefoil where the ␣11 helix is located ( Fig. 2A and 3A) . Due to the protrusion of both heparin-binding regions, the HBS of FGF19 is lifted atop of the remaining ␤-trefoil like domain and thus appears structurally separated from the rest of FGF19 (Fig. 2A) . This is in stark contrast to all other FGFs, where the heparin-binding regions are structurally integrated into the ␤-trefoil core domain as they directly participate in the folding of the ␤-trefoil. The HBS of FGF19 distinguishes itself further from that of paracrine-acting FGFs by the presence of a cleft between the ␤1-␤2 loop and ␤10-␤12 region (Fig. 2A) . The formation of this cleft is due to the fact that in FGF19, there are no intramolecular interactions between these two heparin-binding elements (Fig. 2B) .
The divergent conformation of the region between ␤10 and ␤12 observed in our crystal structure is not biased by crystal packing forces for several reasons. Firstly, this region is missing in 1PWA, the search model used for solving our FGF19 structure. Secondly, we obtained the same structure from crystals grown in different crystallization buffers (see Materials and Methods). Thirdly, the conformation of this region is virtually indistinguishable between the two independent copies of FGF19 in the asymmetric unit of our crystals; since the two FGF19 molecules experience different lattice contacts in the crystal, the observed conformation/ordering of this region cannot be biased by crystal packing forces. Fourthly, even algorithms such as AGADIR, used to assess the helical propensity of short peptides, predict an ␣ helix at precisely the same location within the segment between ␤10 and ␤12 as observed in our FGF19 crystal structure. Lastly, reanalysis of 1PWA in light of our FGF19 structure shows that even in 1PWA, the C␣ positions of Ser147 and Phe159 at either end of the disordered region have already begun to diverge from the C␣ backbone of paracrine-acting FGFs and point towards the ␣ helix seen in our FGF19 crystal structure.
The topology of the HBS of FGF23 also differs completely from that of paracrine-acting FGFs. FGF23 circulates in the bloodstream in two distinct forms: a full-length mature form (Tyr25-Ile252; FGF23 wt ) and a shorter form (Tyr25-Arg179; FGF23 core ) lacking the unique 73-amino-acid C-terminal tail (1, 36) . The shorter form arises from proteolytic cleavage at the 176 RXXR 179 site, which follows the predicted FGF core homology region of FGF23 (28, 35) . Mutations at either of the two Arg residues result in accumulation of circulating fulllength FGF23, which signals in the kidney to cause phosphate wasting in patients with autosomal-dominant hypophosphatemic rickets (ADHR) (34) . Since ADHR is inherited in an autosomal dominant fashion, it has been postulated that the C-terminal tail of FGF23 is required for regulation of phosphate homeostasis by this FGF (28, 35) .
We expressed and purified FGF23 wt , FGF23 core , and FGF23 ADHR , an FGF23 protein harboring ADHR mutations, and assessed their biological activity in mice and in cultured cells. Both FGF23 wt and FGF23 ADHR reduced serum phosphate to near-normal levels in Fgf23-null mice, whereas FGF23 core had no statistically significant effect (Fig. 4A) . In HEK293 cells overexpressing Klotho, both FGF23 wt and FGF23 ADHR robustly induced EGR1 gene expression, whereas FGF23 core had almost no activity (Fig. 4B) . Similarly, both FGF23 wt and FGF23 ADHR robustly activated FRS2␣ and 44/42 MAP kinase, whereas FGF23 core failed to induce phosphorylation of these downstream mediators of FGF signaling (Fig. 4C) . These data provide the first evidence that FGF23 requires its C terminus to signal. To gain insights into the molecular basis for this requirement, we compared the ability of FGF23 wt and FGF23 core to bind Klotho. Coimmunoprecipitation studies showed that FGF23 core failed to bind Klotho, indicating the involvement of the C-terminal tail of FGF23 in the interaction of FGF23 wt with Klotho (Fig. 4D ). These data suggest that Klotho proteins interact simultaneously with the C-terminal tail of FGF23 and an unknown region of FGFR to enhance ligand-receptor affinity. (A) Molecular surface and ribbon representation of the FGF19 crystal structure. The molecular surface is shown as transparent. The ␤ strands of FGF19 are labeled according to the conventional strand nomenclature for FGF1 and FGF2. Note that FGF19 lacks the ␤11 strand present in classical, paracrine-acting FGFs. The HBS, consisting of the loop between ␤1 and ␤2 and the segment between ␤10 and ␤12, is in blue. A secondary structure element unique to the HBS of FGF19 is the ␣11 helix located in the ␤10-␤12 segment. Note that ␣11 and the ␤1-␤2 loop protrude from the ␤-trefoil like core domain of FGF19 (orange) and that there is a cleft between these two heparin-binding regions. Cysteines 58 (in ␤2) and 70 (in ␤3) form a disulfide bridge which stabilizes the altered conformation of the heparin-binding region between ␤10 and ␤12 (explained in more detail below). Sulfur atoms are in green. NT and CT, N and C termini of FGF19. (B) Superimposition of the C␣ trace of the FGF19 ␤-trefoil like core onto the C␣ trace of the FGF2 ␤-trefoil from the FGF2-FGFR1c-heparin structure (PDB ID, 1FQ9). A close-up view of the heparin-binding regions is shown on the right, and to aid the reader, a view of the whole structure is shown on the left. FGF19 and FGF2 are in orange and cyan blue, respectively. Black arrowheads mark leucines 145 and 162, at which the C␣ trace of FGF19 diverges from that of FGF2 and converges again, respectively. Note that cysteines 58 and 70 of FGF19 form a disulfide bridge which packs against these two leucine residues, thereby stabilizing the altered conformation of the ␤10-␤12 segment. Also note that there are no intramolecular interactions between the ␤1-␤2 loop and the ␤10-␤12 segment in FGF19 (indicated by a dashed orange line with arrowheads; see also the cleft illustrated in panel A), whereas in FGF2, these regions interact with one another (indicated by a cyan blue line with arrowheads). Black circles denote glycine and threonine residues of the GXXXXGXX(T/S) motif present in FGF2 and other classical FGFs (see also panel C). (C) Superimposition of the C␣ traces of the ␤-trefoil core domain of classical, paracrine-acting FGFs onto one another. The view is from the top looking down into the ␤-trefoil core. A close-up view of the heparin-binding region encompassing ␤10 and ␤12 is shown on the right, and to orient the reader, a view of the whole structure is shown on the left. The FGF ligands are colored as follows: FGF1 (PDB ID, 1EVT), green; FGF2 (PDB ID, 1FQ9), cyan blue; FGF4 (PDB ID, 1IJT), red; FGF7 (PDB ID, 1QQL), blue; FGF9 (PDB ID, 1IHK), yellow; FGF10 (PDB ID, 1NUN), purple; and FGF8b (PDB ID, 2FDB), brown. Note that the C␣ traces of these seven classical FGFs take nearly identical paths in the ␤10-␤12 region. In panel B, FGF2 was chosen from this set of FGFs to illustrate the divergence of FGF19 at this region. Glycine and threonine/serine residues of the GXXXXGXX(T/S) motif conserved in these classical FGFs are marked by black arrows. Efforts to crystallize FGF23 wt or FGF23 ADHR did not yield crystals, presumably due to the inherent flexibility of the 73-residue C terminus of this ligand. Therefore, we decided to crystallize FGF23 core , which yielded crystals only in the presence of SOS. These crystals belong to the orthorhombic space group P2 1 2 1 2 1 and have one FGF23 molecule per asymmetric unit. We solved the crystal structure of FGF23 core by molecular replacement using our FGF19 crystal structure as the search model. The ␤1-␤2 loop and the segment between ␤10 and ␤12 were omitted from the search model, because of very poor sequence homology. The F o -F c difference map showed clear and strong electron density not only for both omitted regions but also for a SOS molecule, allowing us to unambiguously build these heparin-binding regions as well as a SOS molecule bound to these regions. The FGF23-SOS complex structure has been refined to a 1.5-Å resolution with working and free R values of 24.3% and 25.5%, respectively (Table 1) , and the final model consists of one copy of FGF23 residues 32 to 169 and one SOS molecule (Fig. 5A) .
Like FGF19, FGF23 adopts an atypical ␤-trefoil fold be- lacks the ␤11 strand present in classical, paracrine-acting FGFs. The HBS, consisting of the loop between ␤1 and ␤2 and the segment between ␤10 and ␤12, is in blue. Note that these regions do not protrude from the ␤-trefoil like core like those in FGF19 and that the cleft separating these regions from one another is not as prominent as the cleft seen in the FGF19 structure (compare Fig. 2A) . A secondary structure element unique to the HBS of FGF23 is the g11 helix, located in the segment between ␤10 and ␤12. Also note the C-terminal g13 helix, which is tethered to the core. NT and CT, N and C termini of the FGF23 core domain. The SOS molecule makes hydrogen bonds with arginine 48 and asparagine 49 of the ␤1-␤2 loop and with arginines 140 and 143 of the ␤10-␤12 segment. Note that the sulfated fructose ring of SOS also interacts with backbone atoms of these regions. (B) Superimposition of the C␣ trace of the FGF23 ␤-trefoil like core onto the C␣ trace of the FGF2 ␤-trefoil from the FGF2-FGFR1c-heparin structure (PDB ID, 1FQ9). The viewpoint is from top of the ␤-trefoil like core. A close-up view of the heparin-binding regions is shown on the right, and to assist the reader, a view of the whole structure is shown on the left. FGF23 and FGF2 are in orange and cyan blue, respectively. Black arrows mark leucine 138 and proline 153, at which the C␣ trace of FGF23 diverges from that of FGF2 and converges again, respectively. Glycine and threonine residues of the GXXXXGXX(T/S) motif present in FGF2 and other classical FGFs are labeled with black circles (see also Fig. 2C ). The cyan blue arrowhead marks a one-residue insertion in the ␤9-␤10 loop of FGF2 which is sterically incompatible with the conformation of the ␤10-␤12 segment in FGF23. (C) Superimposition of the C␣ trace of the FGF23 core domain onto the C␣ trace of the FGF19 core. A close-up view of the heparin-binding regions is shown on the right, and to aid the reader, a view of the whole structure is shown on the left. FGF23 and FGF19 are in orange and green, respectively. Black arrows mark glycine 139 and serine 155, at which the C␣ trace of FGF23 diverges from that of FGF19 and converges again, respectively. Also note the different ␤1-␤2 loop conformations of FGF23 and FGF19 concurrent with differences in the length of the ␤1-␤2 loop (see Fig. 3A) . As in FGF19, there are no intramolecular interactions between the ␤1-␤2 loop and the ␤10-␤12 segment (see also the clefts illustrated in panel A and in Fig. 2A ).
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at Rensselaer Libraries on April 13, 2007 mcb.asm.org cause it also lacks ␤11. Moreover, the conformation of the segment between ␤10 and ␤12 in FGF23 also differs from the canonical conformation of paracrine-acting FGFs (Fig. 5B) . The C␣ trace of FGF23 diverges from that of paracrine FGFs at exactly the same position as FGF19 does but converges at Pro153, one residue earlier than FGF19 does. Notably, the conformation of the segment between ␤10 and ␤12 in the FGF23-SOS complex also differs completely from that of FGF19 (Fig. 5C ). The C␣ trace of FGF23 diverges from that of FGF19 at Gly139 (homologous to Ser146 in FGF19) and converges again at Ser155, which corresponds to Ser163 in FGF19 ( Fig. 3B and 5C ). The only secondary structure element assigned to this region by PROCHECK (17) is a g helix (g11) at the C-terminal end of this segment. Additional structural differences between FGF19 and FGF23 are seen at the ␤1-␤2 loop, the other heparin-binding region (Fig. 5C ). This is anticipated because FGF23's ␤1-␤2 loop is two residues shorter than that of FGF19 (Fig. 3A) . There is also a cleft between the ␤1-␤2 loop and the segment encompassing ␤10 and ␤12 (Fig.  5A) ; this cleft, however, is not as prominent as the one observed in the FGF19 structure. The ␤10-␤12 region of FGF21 has no sequence identity to FGF19 and only 11% identity to FGF23, and in fact, it is shorter than those of FGF19 and FGF23 (Fig. 3B) . This suggests that FGF21 should have yet another HBS topology. The high degree of sequence divergence at this region accounts for the overall low sequence identity among these ligands, as evidenced by the fact that sequence identity is increased to 40 to 45% when these regions are omitted from multiple sequence alignment.
The altered HBS topologies of FGF19 subfamily members are consistent with the lack of the GXXXXGXX(T/S) motif in this subfamily of FGFs. The unconventional conformation of the stretch between ␤10 and ␤12 strands observed in our FGF19 and FGF23 structures, and by extension in FGF21, is consistent with the major primary sequence divergence found at this region between FGF19 subfamily members and classical, paracrine-acting FGFs. This region is shorter in FGF19, FGF23, and FGF21 than in paracrine-acting FGFs by one, two, and three residues, respectively, and, most notably, lacks the GXXXXGXX(T/S) motif present in other FGFs (Fig. 3B ) (14) . The ␤10-␤12 region of reported vertebrate FGF19 and FGF23 orthologs also lacks the GXXXXGXX(T/S) motif ( Fig. 3C and D) . The FGF19 and FGF23 crystal structures reveal that this sequence motif plays a crucial role in preserving the common conformation of the stretch between ␤10 and ␤12 strands among paracrine-acting FGFs. The first glycine from the motif makes hydrogen bonds with a highly conserved glycine in ␤3, and the second glycine engages in a hydrogen bond with an FGF-invariant glycine in ␤7. These conserved hydrogen bonds promote formation of ␤11 and pin down the ␤10-␤12 region to the ␤-trefoil core. The threonine/serine residue of the GXXXXGXX(T/S) motif, found in 12 of 15 paracrine-acting FGFs, also contributes to the common conformation of the ␤10-␤12 region in these FGFs by forming hydrogen bonds with the second glycine from the motif. However, as is evident from the crystal structure of FGF4, which has a valine instead of the T or S of the motif, those hydrogen bonds are not absolutely required for the observed canonical conformation.
The altered conformation of the ␤10-␤12 region in FGF19 and -23 is consistent with other unique structural features in the vicinity of this region. For example, FGF19 has a cysteine (Cys70) in place of the highly conserved glycine residue in ␤3 (Fig. 3A) . Due to spatial constraints, the presence of a cysteine in this location in FGF19 is incompatible with the canonical conformation of the heparin-binding region seen in paracrineacting FGFs. It is noteworthy that Cys70 forms a bridge with Cys58 in ␤2, which facilitates the altered conformation of the region encompassing ␤10 and ␤12 in FGF19. Specifically, Leu145 and Leu162, which are positioned at the divergence and convergence points of this region relative to other FGFs, pack against the Cys58-Cys70 disulfide bridge, thereby shielding it against the solvent on one side (Fig. 2B) . Hence, visualization of the ␤10-␤12 region in our FGF19 crystal structure shows that this disulfide bridge plays a broader role than merely stabilizing the tertiary structure of FGF19, as initially suggested by Harmer and coworkers (4) .
Superimposition of the structurally homologous 11 ␤ strands of FGF23 onto paracrine FGFs shows that the unique conformation of the ␤10-␤12 segment in FGF23 is influenced by structural differences at the ␤9-␤10 loop between this ligand and classical FGFs. FGF19 subfamily members have the shortest ␤9-␤10 loop (Fig. 3A) , and structural analysis shows that the longer ␤9-␤10 loop of other FGFs would sterically clash with the conformation of the ␤10-␤12 region observed in the FGF23 structure. Hence, our structural data indicate a previously unrecognized role for the ␤9-␤10 loop in configuring the HBS and may provide an explanation for previously published data showing that mutations in the ␤9-␤10 loop or loop exchange impair FGF biological activity (26) .
The altered HBS topology of FGF19/23 is responsible for poor heparin-binding affinity of these FGFs and for their endocrine mode of action. In order to investigate how the altered HBS topology of FGF19/23 would impact the mode of heparin-induced FGFR dimerization by these ligands, we superimposed FGF19/23 onto FGF2-FGFR1c-heparin (PDB ID, 1FQ9) to create 2:2:2 FGF19-FGFR1c-heparin and 2:2:2 FGF23-FGFR1c-heparin dimer models. In each model, the heparin-binding regions sterically clash with sugar backbone and sulfate moieties of the heparin oligosaccharide (Fig. 6 ). To avoid these steric conflicts, it would be necessary to translate heparin further up from the FGF19/23 core region. The translation of heparin away from FGF19/23 core domains and the presence of a cleft in the HBS of these ligands should translate into poor heparin-binding affinity. This is because the backbone atoms of FGF19/23 would not be able to form hydrogen bonds with N-sulfate and 2-O-sulfate groups of rings 4 [GlcN(S)6O(S)] and 5 [IdoA(2S)] of heparin; in structures of classical FGFs (e.g., FGF2), backbone atoms of the ligand provide the tightest hydrogen bonds with these two sulfate groups of heparin. The orientation of SOS binding relative to FGF23 is perpendicular to that of heparin binding observed in the FGF23-FGFR-heparin model as well as to that of SOS binding seen in the FGF1-SOS structure (39) . This observation further supports our prediction that linear heparin/HS cannot engage the backbone atoms of FGF23. Moreover, FGF23 has a triple proline sequence in this region, which is incapable of making hydrogen bonds with heparin/HS (Fig. 3B) .
To test our structural prediction, we used SPR spectroscopy (Fig. 7A) . Importantly, the poor binding affinities of FGF19, -21, and -23 for heparin are in keeping with the endocrine behavior of FGF19 subfamily members. The poor heparinbinding affinity should allow FGF19 subfamily members to escape the pericellular HS of the tissues where they are produced. Owing to their high affinity for heparin/HS, however, paracrine-acting FGFs are entrapped in the pericellular environment of tissues at or near the site of their synthesis and release, and these FGFs can diffuse over a short range only, locally within tissues. The FGF19-FGFR-heparin model suggested that Lys149, Gln152, Lys155, Asn156, and Arg157 of the ␤10-␤12 segment and His53 of the ␤1-␤2 loop bind heparin in FGF19 because these residues are in the vicinity of the heparin oligosaccharide. To test this hypothesis, we mutated Lys149 and Arg157 alone and in combination with alanine. SPR analysis shows that these mutations impair the ability of FGF19 to bind heparin (Fig. 7B) . In the FGF23-SOS structure, SOS binds with its sulfated fructose ring facing into the cleft (Fig. 5A) . Arg48, Asn49, Arg140, and Arg143 of FGF23 coordinate four differ- at Rensselaer Libraries on April 13, 2007 mcb.asm.org ent sulfates of SOS, suggesting that these are potential heparin-binding residues in this ligand (Fig. 5A ). To test whether these SOS-coordinating residues of FGF23 are indeed engaged in heparin binding, we introduced two double mutations into FGF23 (R48A-N49A and R140A-R143A). SPR analysis shows that these FGF23 mutants failed to bind heparin (Fig.  7C) , providing experimental evidence for the unique HBS topology seen in the crystal structure of FGF23. Concluding remarks. The requirement for HS is universal for signaling by all FGFs. While conferring endocrine ability to FGF19 subfamily members, the poor heparin-binding affinity of these ligands will reduce the ability of HS/heparin to promote binding of these ligands to their cognate FGFR and hence should negatively impact signaling by these FGFs. Modeling studies reveal that in each of the three FGF19 subfamily members, a predicted key residue for FGFR binding is replaced, so that these FGFs have inherently low affinity for their cognate receptors (Fig. 3A) . The low receptor-binding affinity together with the low HS/heparin-binding affinity of these FGFs is the molecular basis for the dependence of these ligands on Klotho proteins to signal in their target tissues. By simultaneously interacting with FGF19, -21, and -23 and their cognate FGFRs, Klotho/␤Klotho bring about binding affinity that is just sufficient to produce a metabolic but not mitogenic response. The restricted expression of Klotho proteins also contributes to the endocrine behavior of FGF19, -21, and -23 by limiting the signaling of these ligands to specific tissues. In addition to providing molecular insights into the endocrine mode of action of the FGF19 subfamily, our structural data may also provide blueprints for rational drug design for metabolic syndromes, such as diabetes, obesity, and hypercholesterolemia, as well as disordered phosphate and vitamin D homeostasis.
